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BACKGROUND OF THE INVENTION 


1 . Field of the Invention 

[0001] This invention relates generally to the forming of metal structures and relates 
specifically to the forming of metal structures from the controlled application of layers of molten 
metal 

2. Description of the Prior Art 

[0002] Metal structures formed by a typical forging process have very high strength. The 
strength is mainly due to the large numbers of dislocations caused by plastic deformation within the 
structure during the forging. Forging is normally done by placing metal ingots in hardened dies and 
using large presses or hammers to apply force to the dies. The dies are usually very expensive and 
require significant fabrication time. Forged components are used in critical locations, such as aircraft 
bulkheads, engine crankshafts, or other similar high-load applications. 

[0003] Due to its low weight and high strength, titanium is used in many aircraft applications. 
However, the lead time required to obtain titanium ingots may be a year or more. In addition, the 
forging and machining time may also be a year more, presenting problems when a part is needed 
quickly for testing or fitting. 

[0004] In many modern industries, rapid-prototyping is used to create components from 
materials other than those that will be used to form the final product, for example, a gear formed 
from plastic rather than from metal. The advantage to rapid prototyping is that a dimensionally- 
accurate part can be created quickly and inexpensively produced to check for fit within an assembly 
or other characteristics of the part. Typical rapid-prototype fabrication devices use lasers and 
computerized solid models to create parts by forming a stack of layers of a material, the layers 
building upon one another to form the finished part. 
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[0005] Two examples of materials used are photo-reactive liquid polymers and powdered 
metal. The polymers harden when the laser is directed onto the surface of the liquid. This creates 
a layer that is a three-dimensional layer of minimal height created from the two-dimensional 
coordinates provided from the corresponding slice of the solid model The hardened layer is then 
lowered below the surface to allow liquid to flow over the hardened areas, and the laser is directed 
over the surface again to form the next layer, repeating until the last, uppermost layer is formed. A 
similar process is used with powdered metal, the laser sintering the metal into a solid in layers and 
building a part by stacking one layer upon the previous layer. 

[0006] While the rapid prototype process provides dimensionally accurate parts, the parts 
normally cannot be used as final components, since they lack the desired strength. Thus, there is a 
need for a method and apparatus for rapidly forming high-strength parts that may be used for testing 
and fitting or as final components. 
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SUMMARY OF THE INVENTION 


[0007] A method and apparatus are provided for rapid production of high-strength metal 
structures. A computerized model of the structure is created, then the model is sliced into horizontal 
layers. A computer-controlled gantry controls the location of a roller in at least three axes (x, y, and 
z), the roller depending from the gantry. An electron or laser beam melts the end of a metal wire, 
forming a puddle of molten metal near the roller. Coordinates defining each layer of the model of 
the component are sent to the gantry, which moves the roller over the puddle to create a uniform- 
thickness layer, the wire feeding additional metal to be melted by the beam as the gantry moves. The 
puddle is narrow, typically requiring multiple narrow strips to be laid adjacent each other to form 
a complete layer. When a layer is completed, additional layers are formed on the first layer, and this 
process repeats until the structure is completed. 
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BRIEF DESCRIPTION OF THE DRAWINGS 


[0008] The novel features believed to be characteristic of the invention are set forth in the 
appended claims. The invention itself however, as well as a preferred mode of use, further objects 
and advantages thereof, will best be understood by reference to the following detailed description 
of an illustrative embodiment when read in conjunction with the accompanying drawings. 

[0009] Figure 1 is a perspective view of a metal component formed by the process of this 
invention. 

[001 0] Figure 2 is a schematic, profile view of an apparatus constructed in accordance with 
the present invention and being used to form the component of FIG. 1, a first layer of the 
component being applied. 

[001 1] Figure 3 is apian view of two narrow strips of metal applied by the apparatus of FIG. 
2 during the application of the first layer of FIG. 2. 

[0012] Figure 4 is a schematic, profile view of the apparatus of FIG. 2 being used to form 
the component of FIG. 1, a subsequently-produced layer of the component being applied. 
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DETAILED DESCRIPTION OF THE INVENTION 


[0013] FIG. 1 shows a member 1 1 formed from titanium or aluminum, though member 1 1 
may be formed from other metals or alloys. Member 1 1 is designed for a particular application that 
requires member 1 1 to have the strength of forged metal. By utilizing the method of the present 
invention, member 11 may be formed by free-forging, resulting in the strength of a forged 
component without the need for the expensive tooling required in conventional forging methods. 

[0014] Member 1 1 is shown as a T-shaped member having a flange 13 and a web 1 5 and may 
be a portion of a bulkhead for an aircraft. Web 15 has a shorter length than flange 13. Though 
member 11 is shown as having a T-shape, the method of the present invention can be used to 
produce almost any desired shape, including hollow shapes that are open or enclosed. 

[0015] To form items using the free-forging process, a computer model is developed that 
represents the desired item. The item is typically modeled in one of the many solid-modeling 
pro grams used by engineers, such as those sold under the trademarks of CATIA and ProENGINEER. 
The model is then divided into horizontal slices or layers 17, each layer being a selected thickness 
and containing information about the x and y coordinates of the item for that layer. Layers of 
member 1 1 are shown in FIG. 1 by the dotted lines running the length of member 1 1 at equidistant 
height intervals. Layers 1 7 are typically each of the same thickness, though the thickness of different 
layers within member 1 1 may be varied. The number of layers in member 1 1 that is required to form 
a particular height is dependent on the thickness of each layer 17. 

[0016] FIG. 2 is a schematic view of the orientation of components of the free-forging 
fabricator 19 of the present invention. A numerical control machine or gantry 21 is located above 
a support plate 23. Support plate 23 is a titanium "starting" plate having a horizontal upper surface 
24 onto which the first layer 17 of member 1 1 (FIG. 1) will be applied, the first layer becoming 
joined with support plate 23. Support plate 23 may be a sacrificial element in the free-forging 
process or may form an integral part of the completed member. Post 25 depends from the lower 
portion of gantry 21 toward upper surface 24, post 25 being movable by gantry 21 in at least three 
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axes (x, y, and z, or length, width, and height). Roller 27 is rotatably attached to the lower portion 
of post 25 and rotates on shaft 29. Roller 27 maybe formed from ceramics or other high-temperature 
alloys and is water-cooled. Post 25 can apply pressure through roller 27 during operation. 

[0017] A device 3 1 for producing an electron or laser beam 33 is also located in the lower 
portion of gantry 21 . Electron beams are used within a vacuum chamber, whereas laser beams are 
used in an inert atmosphere. Device 31 is capable of directing beam 33 toward a location forward 
of and near roller 27. Metal wire 35 is located forward of roller 27, wire 35 being formed of the 
metal or alloy that is the raw material for layer 17. One type of metal for wire 35 is aluminum, and 
another type is titanium. Wire 35 is typically metal wire with a thickness in the range of 0.035 
inches to 0. 1 56 inches. Alternatively, a tube for delivering powdered metal maybe used in place of 
wire 35, the powdered metal being used for the raw material in forming member 1 1. A feeding 
mechanism 36 is mounted to gantry 21 for movement with gantry 21 and continuously feeds wire 
35 toward support plate 23. 

[0018] Beam 33 is used to melt the lower end 37 of metal wire 35 and a shallow portion of 
upper surface 24 of support plate 23, the melted metal forming puddle 39 ahead of roller 27 when 
fabricator 19 is in operation. As end 37 is melted and applied, additional metal is provided by 
continuously feeding wire 35 toward beam 33 or by delivering additional powdered metal through 
a tube. Puddle is molten where beam 33 is directly on puddle 39, but the trailing edge of puddle 39 
becomes plasticized, or an amorphous solid, where puddle 39 has cooled to below the melt 
temperature. Gantry 2 1 positions post 25 and roller 27 relative to support plate 23 to produce layers 
17 in the desired location in the horizontal plane and with the desired thickness by rolling over the 
plasticized portion of puddle 39 in a continuous-motion process beginning at end 41 and moving to 
the right in the figure. Roller 27 displaces a volume of the metal as it rolls over the metal and creates 
the desired thickness in each 17. Post 25, device 33, beam 33, and wire 35 preferably maintain their 
relative positioning during operation. 

[0019] Because of the narrow width of wire 35, puddle 39 is also narrow. As shown in FIG. 
3, in order to form a wide layer 1 7, a layer is typically formed by aplurality of narrow strips 43, each 
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strip 43 being created during a pass of roller 27 from the starting end 41 to the end of the length of 
each layer 17. Each strip 43 overlaps the adjacent, previous strip 43 by approximately 40%, beam 
33 remelting a portion of the adjacent strip 43 and creating a seamless blend between strips 43. 

[0020] FIG. 4 shows the formation of member 11 using a stack of layers 17. After the 
formation of each completed layer 17, a second layer 17 is formed on top of the first layer 17. As 
puddle 39 is formed during application of strips 43 in each layer 17, a portion of the metal in the 
layer 1 7 immediately below the layer 1 7 being applied is melted, again forming a seamless transition 
from one layer 17 to the next and creating a continuous structure within member 11. The process 
is repeated to add additional layers until the height of member 1 1 is reached. As shown, web 15 has 
a shorter length than flange 1 3, and this is formed by beginning layers 1 7 in web 1 5 at starting end 
42, which is forward of starting end 41 of layers 17 in flange 13. Alternatively, member 1 1 maybe 
formed such that layers 17 of web 15 begin at the same position as those of flange 13 but end 
rearward of the end position of the layers of flange 13. 

[0021] FIG. 3 also illustrates the lack of dimensional control on side edges 45 and end edges 
47. Because roller 27 (FIG. 2) has a flat circumferential surface, roller 27 controls the height of layer 
17 but cannot control the shape of edges 45, 47 as excess metal in puddle 39 (FIG. 2) is displaced 
from beneath roller 27 as roller 27 rolls over puddle 39. Where necessary, machining or other 
processes maybe used to remove excess material or smooth surfaces of a completed member. 

[0022] Referring to FIGS. 2 through 4, in operation, the digital information needed to form 
a first layer 17 is sent from a computer (not shown) to gantry 21. Support plate 23 is positioned 
below gantry 21, and, depending on the type of beam 33 used, an inert atmosphere or vacuum is 
created around fabricator 19. Gantry 21 moves post 25 and roller 27 to a starting point which is on 
the first end 41 of layer 17. Roller 27 is positioned so that the lowest point of roller 27 is at a height 
above upper surface 24 that is equal to the desired height of layer 17. Metal wire 35 is moved into 
position near roller 27, and device 31 is activated to cause beam 33 to melt end 37 of wire 35. 
Puddle 39 forms at the intersection of beam 33 and wire 35. Gantry 21 begins moving roller 27 
along the path defined by the solid model of member 1 1 , a first narrow strip 43 along the length of 
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layer 1 7 being formed. While beam 33 is active, wire 3 5 is continuously fed toward beam to provide 
additional metal for melting and application. 

[0023] At the end of the first strip 43, device 3 1 is switched off to halt melting of wire 35 by 
beam 33, and roller 27 rolls over the last of puddle 39. Gantry 21 then moves post 25 to a starting 
position at starting end 41, positioning roller 27 such that roller is moved over relative to the first 
strip 43 by an amount equal to approximately 60% of the width strip 43. Device 31 is switched on 
to provide beam 33, and wire 35 is fed toward beam 33 as gantry moves roller 27 forward to create 
the adjacent strip 43. Additional strips 43 are applied to create the width of the current layer 17. 

[0024] As one layer 17 is completed, gantry moves post 25 upward (in the z direction) to a 
height above the first layer 17 equal to the height of the second layer 17. Adjacent strips 43 are 
formed in the same manner as described above, creating second layer 17. Additional layers are 
applied to create a stack of layers, creating the height of member 11. If support plate 23 is a 
sacrificial element, member 1 1 is removed from support plate 23, the removal requiring machining 
of member 1 1 from support plate 23. 

[0025] There are many advantages to using the present invention. The method and apparatus 
disclosed provides for rapid prototyping of high-strength items. Items can then be used for testing 
of in assemblies. Items made from titanium or other metals or alloys requiring long lead times for 
acquisition or machining can be quickly created using inexpensive and readily-available wire stock 
or wire stock. 

[0026] While the invention has been shown in only one of its forms, it should be apparent 
to those skilled in the art that it is not so limited but is susceptible to various changes without 
departing from the scope of the invention. 
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